INTRODUCTION
After the Second World War, the United States was left with a tremendous amount of excess sheet steel capacity. Cold-formed steel framing came into being as a means to take advantage of the economy and efficiency of using lightweight structural members. In North America, nonstructural cold-formed steel members now lead the construction market for interior partition walls and curtain walls. For structural applications, cold-formed steel has long been used as the secondary system for purlins and girts in metal buildings, and for industrial storage racks, including, on occasion, even rack-supported buildings. However, the use of cold-formed steel as the primary structural members in buildings has undergone a slower adoption process. Initially focused on residential construction, and mimicking wood construction, cold-formed steel framing has experienced only modest levels of adoption in North America and beyond.
Today, structural cold-formed steel framing systems are focused on mid-rise structures with two primary construction methods demonstrating success in the market: (1) efficient onsite or remote-site fabrication methods, and (2) panelized systems. Framecad is an example of company that provides turn-key systems for on-site construction, even in remote locations. Using a small automated roll-forming machine and steel coils, all members are manufactured on-site. The result is a complete cold-formed steel framed building, as shown in Figure 1 (a). Framecad structures utilize small built-up trusses more often than other, more traditional, cold-formed steel framing systems, but these structures have demonstrated the potential of cold-formed steel framed buildings to work in a wide variety of markets. In contrast, ClarkDietrich Building Systems is an example of a company that partners with a U.S. roll-former; uses standard shapes (in the U.S. these are designated in [1] with manufacturers providing additional specifics, as needed); and, then with Building Information Models and efficient panelization software, details and fabricates large wall panels in the factory shipping them directly to the building site. The result, such as Figure 1 (b), is a rapidly constructed structure that uses cold-formed steel framing throughout. As cold-formed steel framing becomes more prominent in building design, it has become necessary to develop full building solutions. Component level design has been available in codes and standards around the world [2, 3] for some time, but lateral force resisting systems were relatively ad hoc until the modern era. The recent push towards multi-story construction, in particular, has required developing specific full building solutions for cold-formed steel. Seismic performance of cold-formed steel framed buildings enjoys the potential benefit of using a lightweight solution, thus minimizing the seismic mass, compared with conventional masonry or concrete construction. However, the performance of seismic force-resisting systems framed from, or compatible with, cold-formed steel members was relatively unknown until the last 20 years. Since then, significant research has been conducted to advance the state of the art in that time.
In North America, the seminal work of Serrette and colleagues (e.g., [4] ) provided characterization of cold-formed steel framed, wood sheathed, shear wall panels that were codified [5] and formed the basis for lateral force resisting systems framed from cold-formed steel members. Building on this foundation, Rogers and colleagues expanded the scope for cold-formed steel framed, wood sheathed, shear wall panels [6] as well as developed experimental performance and understanding for cold-formed steel framed steel strap walls [7] ,steel sheet sheathed shear walls [8] , and multi-story shear wall details [9] . Rogers' work along with additional testing by Yu on steel sheet sheathed shear walls [10] was codified in North America [5] .
In Europe, multi-year efforts in Italy and Romania stand out as contributing to the state of the art. To assist in filling the design gap in Italy, Landolfo and colleagues performed coldformed steel framed, wood sheathed, shear wall tests [11] , fastener testing [12] , prototype structures [13] , and complete design philosophies [14] . Dubina and colleagues performed coldformed steel framed, wood and plaster sheathed, shear wall tests [15] , complementary numerical models [16] , and also developed full seismic design procedures [17] .
Though generally not seismically active, the early adoption of cold-formed steel framing in low-rise (primarily residential) construction in Australia also led to useful experimental and full-scale response results on cold-formed steel framed structures [18] . Recent growth in China has created additional research in this area, particularly experimental efforts [19] . Today, research is active in the following areas: development of novel shear walls; developing system-level understanding necessary for mid-rise cold-formed steel framed construction; developing guidance for floor and roof diaphragm behavior appropriate for coldformed steel framing; and generally expanding our knowledge and abilities in modeling full building/system seismic response. Codes and standards for cold-formed steel seismic design continue to advance as well [20] .
In the last 4 years, the author has led a new North American effort to advance our understanding of cold-formed steel framed buildings in seismic events. Funded by the U.S. National Science Foundation (NSF) and the American Iron and Steel Institute, the work was formally a part of the NSF Network for Earthquake Engineering Simulation (NEES) research program under the project title: Enabling Performance-Based Seismic Design of Multi-Story Cold-Formed Steel Structures, or in short CFS-NEES. The objective of CFS-NEES was to develop understanding and advance modeling towards seismic performance-based design of cold-formed steel framed buildings. The CFS-NEES effort had as a central focus full-scale shake table testing and related modeling of a cold-formed steel ledger-framed building with wood structural panel shear walls and floors. This paper summarizes the CFS-NEES research effort. The research spanned from smallscale tests on fasteners to full-scale tests on buildings and included simulation, modeling, and the development of design guidance across these same scales. The ultimate objective was to provide all the necessary building blocks to advance simulation tools for seismic performancebased design evaluations of cold-formed steel framed buildings. Section 2 introduces the CFS-NEES archetype building that was utilized for full-scale testing and related modeling; unique details of the building are highlighted. Section 3 summarizes experimental work to characterize the cyclic performance of cold-formed steel framing members in compression and bending; this data is currently unavailable and a significant impediment to building comprehensive and efficient models. Section 4 includes the shear wall testing conducted specifically to address the details in the CFS-NEES archetype building.
Section 5 provides the CFS-NEES specific project additions to the experimental database on frame-fastener-sheathing cyclic performance; this is the key energy dissipating mechanism in cold-formed steel framed, wood sheathed, shear walls. Section 6 briefly discusses modeling cold-formed steel shear walls and introduces recent CFS-NEES advances in shear wall modeling that utilize connection data to provide a robust tool for developing predictions of shear wall performance appropriate for use in simulations and design. Section 7 details the full-scale shake table tests of the CFS-NEES archetype building, emphasizing the system performance of cold-formed steel framed buildings. Section 8 summarizes the wide breadth of modeling that has been conducted on the CFS-NEES archetype building, and explores the relationship between model fidelity and prediction of building response. Finally, Section 9 examines future needs in seismic earthquake engineering for buildings framed from cold-formed steel.
CFS-NEES BUILDING ARCHETYPE
Central to the CFS-NEES effort was the professional design of a two-story commercial building framed from cold-formed steel. The building is sited in Orange County, CA (site class D) and is 15.2 m (49 ft -9 in.) x 7.0 m (23 ft) in plan and 5.9 m (19 ft -3 in.) tall with a total seismic weight of 347 kN (78 kips). The design was completed by Madsen of Devco Engineering, with input from the project team and the Industrial Advisory Board (see acknowledgments). A design narrative, complete calculations, and full drawings are available for the building [21, 22] . The building utilizes cold-formed steel framed, OSB-sheathed shear walls for the seismic force-resisting system. Cold-formed steel joists with OSB-sheathing are detailed for the floor and roof diaphragm.
A key feature of the building was the selection and use of ledger framing, a choice that was strongly advocated for by the Industrial Advisory Board based on current practice. In ledger framing, the building is constructed one floor at a time, but the floor joists are hung from the top of the studs. The joists and studs are not necessarily aligned so a ledger, or carrier track, is attached to the interior face of the studs running along the length of the wall to provide a connection point for the joists, as shown in Figure 2 . A key detail in this system is the joining of the shear wall chord studs across stories, illustrated in Figure 2b : a flat plate attached to the stud web penetrates through the floor. sheathing and wall tracks. Another notable feature of ledger framing is that the floor sheathing runs through to the edge of the building and is attached directly to the top track of the walls, as shown in Figure 2b . 
CFS-NEES MEMBER CHARACTERIZATION
Fundamental to the behavior of thin-walled cold-formed steel members is the stiffness reductions that may occur due to local, distortional, and global buckling under load. These reductions must be captured within designs and models if the full system created by coldformed steel members is to be assessed. Using existing test data, a new method was developed for determining the stiffness reduction and backbone moment-rotation and/or moment-curvature response under local and distortional buckling [23, 24, 25, and 26] . The method is general, and, in the spirit of the Direct Strength Method of cold-formed steel design, uses the cross-Section slenderness to predict the reduced stiffness and full backbone response.
Given a lack of available data on member cyclic response, the American Iron and Steel Institute in collaboration with CFS-NEES funded a project to characterize the cyclic response of cold-formed steel members. The research completed at Virginia Tech investigated the cyclic response of thin-walled cold-formed steel members with carefully selected boundary conditions subjected to cyclic axial and bending loads [27] [28] [29] [30] [31] [32] . The results summarized in [31] highlight the energy dissipation capabilities and post-buckling strength and stiffness of CFS members and shows that these are a function of the cross-section slenderness (e.g. Figure  3 ). These results form the basis for development of seismic force-resisting systems that incorporate complete cold-formed steel member response, as opposed to current systems, that largely seek to use alternative mechanisms, independent from the members (bearing in wood or steel connections, yielding of straps, etc.), to resist seismic demands. 
CFS-NEES SHEAR WALL CHARACTERIZATION
The CFS-NEES archetype building employs cold-formed steel framed, OSB-sheathed, shear walls. This is a common shear wall type, available in AISI S213 [5] for prediction of its strength and stiffness. However, actual construction differs from the tests used to develop the AISI-S213 tables: shear wall sizes are often not equal to the standard 1.2m x 2.4 m (4 ft x 8 ft) OSB panel, so numerous additional horizontal and vertical seams were present in the actual shear walls; a large 2.5 mm (0.097 in.) thick 305mm (12 in.) deep carrier or ledger track blocks out 205 mm (12 in.) at the top of a shear wall; the interior face of the wall is sheathed with gypsum board; and, in some cases, the field studs differ in thickness to the chord studs that frame out the shear wall. Additionally, complete hysteretic response of these shear walls is not available. As a result, a test program and characterization effort was initiated. (Collaborating with co-author Yu at with the University of North Texas, the project team was able to efficiently test 15 OSB-sheathed shear walls which were specifically designed for the CFS-NEES building.) Thanks to a collaborative effort with the University of North Texas, the CFS-NEES project was able to efficiently test 15 OSB-sheathed shear walls. Testing following the CUREE protocol, and typical response of 1.2 m x 2.7 m (4 ft x 9 ft) shear walls are provided in Figure 4 , with complete results available in the test report [27] and related papers [28, 29] . Strength degradation initiated at levels between 2% and 4% drift. Developed strength was in excess of AISI-S213 predictions, except in the case where shear wall field studs are thinner than the chord studs, a common practice for lightly loaded upper stories that should be accounted for in design. The addition of panel seams, ledger, and interior gypsum cause some divergence in stiffness predictions from AISI-S213 and can lead to greater than expected overstrength.
CFS-NEES "FASTENER" CHARACTERIZATION
For cold-formed steel framed OSB-sheathed shear walls the key energy dissipating mechanism occurs at the stud-fastener-sheathing connection. As the studs rack laterally the fasteners tilt (and bend) as they bear into and damage the sheathing. Stiffness of the shear walls also relies on this same mechanism. In shear walls framed and sheathed from wood, it (c).
has been found that a similar mechanism dominates the response and reasonable estimates of shear wall parameters can be derived directly from this local "fastener" response [30] .
To characterize this "fastener" response, a series of cyclic tests on stud-fastener-sheathing assemblies, consistent with the CFS-NEES building details, as depicted in Figure 5a ,b were conducted. The tests varied stud thickness, fastener spacing, and sheathing type. Typical forcedeformation results are provided in Figure 5c ; the direct shear response of the fastener assemblies is similar to the full walls, but even more pinched. Each test was characterized using the Pinching04 model [31] , and complete results are provided in a CFS-NEES research report [32] and a related paper [33] . Section 7 discusses connecting the fastener response to the overall shear wall response and the results indicate that small-scale fastener tests have excellent predictive power for full-scale shear wall tests. A lack of knowledge on the stiffness and cyclic response of typical connections in coldformed steel goes beyond the details common in shear walls. As a result, as a companion to the CFS-NEES effort, an extensive project was undertaken at Virginia Tech to more fully understand the cyclic response of cold-formed steel connections [34] . The work is currently ongoing. The results provide a key building block for models of cold-formed steel assemblages and full buildings.
CFS-NEES SHEAR WALL MODELING
Shear walls provide a key element in seismic resistance and thus are a major focus of any simulation effort. For the CFS-NEES archetype building, our own direct testing is available in addition to guidance from codes and specifications. For efficient building models, a onedimensional (V-) phenomenological model is a useful approximation of a shear wall. This may be implemented as a shear spring, or converted to an equivalent truss -regardless, a single degree of freedom approximation to shear walls is a highly desired first step.
Characterization of the CFS-NEES shear wall test results (Section 4) was completed by determination of parameters for one-dimensional (V-) equivalent energy elastic-plastic (EEEP) model and a Pinching04 model [36] . EEEP models are not appropriate for timehistory analysis of these systems, only for pushover analysis. The Pinching04 models provide the ability to have a multi-linear backbone curve with cyclic degradation and pinching and are able to capture the key features of the shear wall response (i.e. details of Figure 4 ) and are utilized directly in the CFS-NEES building models of Section 8. In many cases, due to shear wall size, fastener schedule, sheathing type, framing details, etc. it is not possible to directly use the codified and prescriptive shear wall details provided, e.g. in AISI-S213 [5] . In this situation, the primary recourse for the engineer is to simplify ortest. For wood-sheathed shear walls, since the nonlinearity at the stud-fastener-sheathing connection dominates response, use of small-scale fastener tests in combination with a computational model to predict full-scale shear wall response [31, 35, 36] has been explored. The basic model, depicted in Figure 6 , models the cold-formed steel framing as beam elements, each fastener location with a nonlinear (Pinching04) spring, and the sheathing itself either as a rigid or flexible diaphragm. The resulting model is computationally efficient and capable of accurately predicting full-wall response even in degrading cycles, e.g. see Figure 7 .
The model also provides a means to better understand the shear wall behavior, e.g. Figure  8 , and is now being used by the research team to explore system reliability and wall system (shear wall plus gravity wall) modeling [43] . In addition, the cyclic experimental and characterization work of Section 3 may also be incorporated into these models [31, 37] such that chord stud buckling limit states may be captured in these models as well, e.g., Figure 9 . The goal of this work is to provide a computational tool for engineers that can be used to augment the prescriptive shear wall tables in current use, while at the same time providing a tool that can predict full hysteretic response for engineers pursuing seismic performancebased design of these systems in the future. Current work has advanced well towards this goal. 
CFS-NEES FULL SCALE BUILDING TESTING
Full-scale testing of the CFS-NEES archetype building was conducted in the Summer of 2013 at the NEES shake table facility at the University of Buffalo [38] . The testing was conducted in two primary phases: Phase 1 and 2, as shown in Figure 10 . The Phase 1 building was the complete structural system and represents the engineered building system both for lateral and gravity loading. Significant supplemental mass was added-over four times the building selfweight-to meet code specified [21, 39] gravity load levels. The Phase 1 building was tested through the three-axis Canoga Park record (16%, 44% and 100% levels) from the 1994 Northridge earthquake. At 100% scale this is essentially equal to the Design Basis Earthquake (DBE) per U.S. standards [21, 44] .
The Phase 1 building was deconstructed subsequent to the 100% Canoga Park testing and a new building constructed to the same specifications, Phase 2, was built on the shake tables.
The Phase 2 structure continued construction past the engineered system. As depicted in Figure 11 , in Phase 2b the gravity exterior walls were externally sheathed, in Phase 2c the interior face of the exterior walls were sheathed with gypsum, in Phase 2d all the interior partition walls and staircases were installed, and finally in Phase 2e (also see Figure 10b) Throughout the construction phases the total mass was held constant by adjusting the supplemental mass in the structure. The Phase 2 structure was subjected to low level excitation tests and system identification testing during the construction phases. Finally, the Phase 2e building was subjected to the 100% Canoga Park record, and then to the three-axis near-field Rinaldi record at 100%, also from the 1994 Northridge earthquake. For this structure, 100% Rinaldi is consistent with the Maximum Credible Earthquake (MCE) per U.S. standards.
The stiffness, damping, and response of the building is significantly altered by the nonstructural systems. Figure 12 provides the decrease in the first mode period of thebuilding as determined from system identification tests in the long and short directions of the building through the Phase 2 construction. Comparing Phase 1/2a to Phase 2e, the long direction first mode period decreases from 0.32 s to 0.15 s, given constant mass, this represents a 4.5 times increase in the building stiffness. (The short direction experiences a 1.9 times increase in stiffness). Based on 0.1 g white noise-driven system identification testing, damping is measured at 4% prior to Phase 1 testing, and 9% prior to Phase 2e testing. Subsequent to the 100% Canoga Park record, damping is measured at 18% on the Phase 1 building, and subsequent to the 100% Rinaldi record, damping is measured at 15% on the Phase 2e building. Response of the building during testing was captured by an extensive sensor array [38] . Story drift of the Phase 1 building during the 100% Canoga Park excitation in the long (u) direction and short (v) direction for the first (subscript 1) and second (subscript 2) stories of height, h, are provided in Figure 13 . A peak first storydrift of 1.18% is recorded. This maybe compared with the story drift in the tested CFS-NEES shear walls in Figure 4 . Recorded peak story drift for a sample of the Phase 1 and Phase 2 testing is provided in Table 1 . Phase 1, 100% Canoga Park, is the maximum experienced story drift in the testing. Phase 2e testing with the 100% Rinaldi excitation increases the ground motion lateral Sa from 0.42 g to 0.83 g, but the experienced peak story drift is only 0.72%. (It should be noted that 100% Rinaldi also includes a vertical Sa of 0.82 g that due to difficulties in table tuning resulted in a 1.27 g peak during testing). Pre-compressed load cells were installed on the anchor rods at the shear wall hold down locations. These sensors provide a means to understand how the building, and the shear walls in particular, carry the seismic demands. Figure 14 provides a summary of the building displaced shape along with the hold down response at peak drift during testing. Note, the load cell can read tension and a small amount of compression (only up to the amount of pre-tension on the anchor rods) therefore tension may be read based on magnitude (length of the bar), and compression is essentially only an indicator of compression, not its magnitude. The response is complex. The building is designed as a series of independent shear walls and assuming a flexible diaphragm. Under these assumptions, each shear wall should experience force couples of tension and compression; however, the actual response is more tied to the overall motion of the building (in three dimensions) and significant amount of coupling amongst shear walls is observed. Comparison of 100% Canoga Park in the Phase 1 and Phase 2e response in the lower left of Figure 14 provides further evidence that the engineered system (Phase 1) and the actual building (Phase 2e) do not respond the same. Figure 14 : Shear wall anchor forces superimposed on the deformed and undeformed shapes of the building specimens at peak first story drift in the long direction Under seismic testing both the Phase 1 and Phase 2e buildings experienced minimal drift and returned to straight after excitation. For the Phase 2e building, the story drift under Rinaldi was less than 1% and damage only occurred in the interior non-structural walls, largely confined to corners near openings, as photographed in Figure 15 . This full scale testing provides a first examination of the full system effect for buildings framed from cold-formed steel and it is significant: the building is stiffer and stronger than engineering designs suggest; the building responds as a system, not as a set of uncoupled shear walls; and the gravity system contributes to the lateral response. 
FULL SCALE BUILDING MODELING
The CFS-NEES full scale building modeling effort has two major goals: (1) to provide a model that can meaningfully predict the CFS-NEES building response in order to better understand the behavior of the building and use the model to examine response against a full suite of seismic excitations, and (2) to evaluate what level of model fidelity is necessary for engineers and researchers modeling buildings framed from cold-formed steel. All of the fullscale building modeling is implemented in OpenSees. Modeling the response of cold-formed steel buildings, even a particular cold-formed steel building, introduces an enormous number of potential assumptions. A complete model tree spanning from two-dimensional models with strength and stiffness based on specifications available to engineers, e.g. [5] , to threedimensional models with shear walls based on direct experimental characterization and all steel framing explicitly modeled are all explored.
A truncated version of the model tree is provided in Table 2 , see [40] for the complete version and for all modeling details. Two basic classes of model are explored: (1) state-of-the practice, or "P" models, and (2) state-of-the art, or "A" models. The P models use shear wall stiffness and strength based on codes and standards, i.e. AISI S213, and ignore the lateral contribution from all elements except the shear walls. For nonlinear hysteretic models, the P
models use either EPP or a simplified Pinching4 model as described in [40] . The P models are generally 2D, but 3D models are also created and appear as depicted in Figure 16a . The A models provide an exploration of various state-of-the-art representations of the full CFS-NEES building. Stiffness and strength in the A models are based on direct testing or higher-fidelity surrogate models. In most A models, the gravity framing is explicitly included -this requires greater sophistication in the shear wall modeling as well, resulting in a typical model as provided in Figure 16b . The A models also explore the impact of the diaphragm stiffness on the response. 
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*Shaded columns with bold type indicate that the specific model is addressed in this paper other models and full details in [40] As reported initially in [41, 42] and detailed in [40] , a surprisingly high degree of model complexity is required for developing observed system response. Consider the model of Figure 16a : 3D with only shear walls modeled (rigid diaphragm), i.e. model P-3D-RD-b. The first translational mode period of this shear wall only model is 0.66 s (in the short direction). Different from reality, the P model's torsional mode period is even larger. The same building (with only shear walls sheathed, aka Phase 1) in white noise testing has a first mode period of 0.36 s (in the short direction). An alternative model, with all wall framing explicitly included (A1-3D-RD-a), as shown in Figure 16b , was created and resulted in a much improved first mode period of 0.33 s (same mode). Further, including a semi-rigid diaphragm (A1-3D-SD-a) brings the first mode period to 0.32 s. A key feature of the more detailed models are the inclusion of the full length ledger, or carrier, track, and the larger header members above openings. Proper inclusion of the gravity framing, even unsheathed, cuts the period in ½ and almost quadruples (4×!) the model stiffness.
even for the bare structural system. The experimental testing indicates that for the final building it is even more extreme: in the short direction the actual period (Phase 2e) is 0.26 s, a model based on shear wall only stiffness has a T=0.66 s, implying a nearly 7× difference in stiffness between a "reasonable" engineering assumption and the actual building.
The engineering assumption of separation in response between the shear walls and gravity walls is false, Extensive analysis has been conducted across the CFS-NEES model tree: linear static, vibration, nonlinear pushover, linear time history, and nonlinear time history analysis. The thesis by Leng [40] provides complete details; here, the focus is on the time history analysis. A condensed version of the results is provided in Table 3 . Results are provided for the Phase 1, 100% Canoga Park excitation and for the Phase 2e, 100% Rinaldi excitation -see Section 7 for more details.
For the 100% Canoga Park excitation, the experimental response is summarized, along with experimental response predictions that are scaled from lower-level elastic tests (see first three rows of Table 3 ). The Phase 1 test, although returning to straight and having little visible damage (see [38] for more details), does experience inelastic deformations -approximately 25% increased drift and foundation forces. None of the state-of-the-practice (i.e., P) models (rows 4-7) provide meaningful predictions of the actual building response. The elastic P models have a grossly under-predicted stiffness, which for this model results in higher displacements, and the hysteretic P models (using Pinching4, but strength and stiffness based on AISI S213 [5] ) over-predict the drifts and forces by ~200 to 400%. The state-of-the-art (A) models have approximately the correct initial stiffness and thus the elastic model response has similar error to the elastic experimental response. The value of a 3D model is exhibited in the prediction of the hold-down forces -the 2D model over predicts the foundation demands. In general, the elastic A model is inadequate for safe prediction of the response. (Obviously, seismic response modification coefficients are used to correct such analyses when used in design, here the interest is in basic model performance). The nonlinear A models, utilizing calibrated Pinching4 shear wall models and the complete gravity framing system, perform reasonably well. The 2D A models over-predict drift by ~50% and the 3D A models by ~20% if the diaphragm is properly modeled. Foundation forces are over-predicted by ~25%. In general, the state-of-the art A models can reasonably represent the observed behavior in the Phase 1 testing. A benefit of having reasonable model confidence in the Phase 1 (state-of-the-art) modeling is the additional analysis that is possible from the model. For example, the predicted performance of selected shear walls during the 100% Canoga Park excitation is provided in Figure 17 . In addition to demonstrating that the modeling of the shear wall into multiple panels(note the many diagonal truss elements in the shear wall of Figure 16 vs. Figure 16a ) is working correctly, the results also indicate how much and which shear walls provide energy dissipation for the entire building. In addition, as provided in Figure 18 , the foundation forces and the manner in which the base shear and compression/uplift is carried can be investigated in detail. The threedimensional nature of the response is highlighted by results such as Figure 18 ; however, the model does not appear to exhibit the same extent of coupling in the shear wall response as the tests (see Figure 14) . Modeling the Phase 2 response of the building is more involved than Phase 1. Figure 19 provides a graphical depiction of the additional complexity that must be introduced into the model -including providing increased lateral stiffness to the gravity walls (note additional diagonal truss elements) first from exterior sheathing (phase 2b) then to all exterior walls when gypsum is installed on the interior face of the exterior walls (phase 2c). Stiffness predictions for these additions are based on the fastener-based model discussed in Section 6. Finally, the interior walls are introduced in the Phase 2d model, again with properties based on the fastener-based models of Section 6. The most advanced available model (A2d-3D-RD-a) has a first mode period of 0.22 s in the short direction and 0.17 s in the long direction, which may be compared with the experiment of 0.26 s in the short direction and 0.15 s in the long direction. Elastic and nonlinear time history response of the OpenSees models with the Phase2e testing at an excitation of 100% Rinaldi is provided in the lower half of Table 3 . The standard state-of-the-practice assumption that only the shear walls contribute in the lateral system, i.e. Figure 19a is grossly conservative. Essentially all of the state-of-the practice (P) models predict failure of the building due to excessive drift. That is, for a building that experienced no residual drift and only minor damage under an earthquake excitation consistent with the MCE level, even fairly robust P models predict building collapse.
The state-of-the-art (A) models fair better, though improvements are still needed. If the engineer chooses to model the full structural system -i.e. shear walls and gravity walls, but ignores all additional phases of construction, then the A1 or Phase 1/2a models result (Figure  19b or c) . These A1 models are more accurate than the P models, but not accurate enough to reasonably predict observed behavior. The inelastic time history analyses for the A1 models, whether 2D or 3D, predict excessive drift and collapse of the building, while in the actual response the building experiences less than 1% story drift. A conclusion to be drawn from this is that, in addition to the gravity walls, fire protection, exterior finish, and interior partitions also play a critical role in positively contributing to the observed, successful, lateral performance of the CFS-NEES building.
The state-of-the art model that includes construction through Phase 2d (A2d-3D-RD-a, Figure 19f ) successfully predicts that the building will survive the Rinaldi 100% excitation and that story drifts in both the long and short directions will be less than 1%. The model overpredicts the peak story drift by ~30% and hold-down forces by ~100%. The over prediction of the hold down forces is non-trivial -it is clear that vertical load paths exist in the real structure that do not exist in the model. In particular, compression bearing paths from contact at the ends of all studs deserves further consideration. Additional analyses, including Incremental Dynamic Analysis, exploration of seismic response modification coefficients, and other details are provided in [40] .
DISCUSSION
It is convenient and useful to separate the response of buildings, including cold-formed steel framed buildings, into lateral and gravity systems. By insuring at least one valid load path for both systems, the engineer hopes to ensure the building can survive actual loads. Further, it is equally useful to distinguish between structural systems and nonstructural additions to the structural systems (e.g. gypsum sheathing for fire protection) as well as structural systems and nonstructural systems, such as interior partition walls. An engineer has little control over these nonstructural details and systems, and a division of labor is beneficial to allowing other trades to assure overall building performance and function. However, the actual building response can vary significantly from the idealized structural system. In the CFS-NEES building the lateral stiffness of the building is increased 4× when the gravity systems contribution to the lateral system is considered, and another 4.5× when nonstructural details and systems are considered. In total, the actual building is 18× stiffer than an engineer's model based on the shear walls alone. The CFS-NEES building survived DBE and MCE excitations without permanent drift -a response that is as excellent as it is far from the assumed engineering behavior. The benefits of traditional design processes may be outweighed by the error in the approximation -examining whole building design will be necessary to capture the true response of these structures.
The CFS-NEES effort, combined with global efforts in cold-formed steel seismic design, are beginning to put the tools in place for needed whole building modeling. Efficient nonlinear hysteretic models for typical connections, cold-formed steel members, assemblages such as shear walls, gravity walls, trusses, etc. are all providing the needed building blocks. Modeling non-traditional and highly variable materials such as gypsum, including highly nonlinear load paths such as contact foundation conditions (bearing vs. uplift without a hold down), efficiently and accurately incorporating fundamentally thin-walled behavior such as unsymmetric open section torsion and cross-section buckling modes all present significant new challenges and much work remains to be done at both fundamental and practical levels. Improved models can assist in improved, or more thoroughly validated, seismic response modification coefficients (i.e. R, Cd, o in the U.S.), but also -and more importantly -open up pathways to whole building optimization. Although much work remains, the path forward seems reasonably clear, and the benefits significant; thus the author expects that research will continue to advance towards useful whole building models for cold-formed steel framed buildings.
CONCLUSIONS
Seismic design of cold-formed steel framed buildings has advanced significantly and the recent North American CFS-NEES research effort has fully characterized expected systemlevel benefits for an archetypical building and provided tools for exploring these benefits in cold-formed steel buildings through efficient building-scale simulations. Current seismic design of cold-formed steel framed buildings relies largely on prescriptive shear wall capacity strength tables and assumed seismic response modification coefficients. The CFS-NEES effort demonstrates that the current seismic methodology is conservative in an archetypical structure -but that current methods miss how such structures actually perform. Full-scale shake table testing, cyclic shear wall, member, and connection testing are all used to characterize the response of cold-formed steel framing. Phenomenological models for connections, members, and shear walls are all developed that may be efficiently used in fullscale building modeling. Taken together, the CFS-NEES effort is assisting in bringing stateof-the-art seismic performance-based design to cold-formed steel framed buildings. Significant work remains to fully translate the findings to practice, and to further advance the modeling tools to make whole building modeling for cold-formed steel framed buildings a more regular occurrence.
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